We report the chemical influence of cleaning of the Ru capping layer on the extreme ultraviolet (EUV) reflector surface. The cleaning of EUV reflector to remove the contamination particles has two requirements; to prevent corrosion and etching of the reflector surface and to maintain the reflectivity functionality of the reflector after the corrosive cleaning processes. Two main approaches for EUV reflector cleaning: wet chemical treatments (sulfuric acid and hydrogen peroxide mixture (SPM), ozonated water, and ozonated hydrogen peroxide) and dry cleaning (oxygen plasma and UV/ozone treatment) were tested. The change of surface morphology and roughness were characterized using scanning electron microscopy (SEM) and atomic force microscopy (AFM), while the surface etching and change of oxidation states were probed with X-ray photoelectron spectroscopy (XPS). Significant surface oxidation of the Ru capping layer was observed after oxygen plasma and UV/ozone treatment, while the oxidation is unnoticeable after SPM treatment. Based on these surface studies, we found that SPM treatment exhibits the minimal corrosive interactions with Ru capping layer. We address 2 the molecular mechanism of corrosive gas and liquid-phase chemical interaction with the surface of Ru capping layer on the EUV reflector.
I. Introduction
A leading next-generation lithographic tool is based on the utilization of extreme ultraviolet (EUV) radiation. The most common wavelength of the light source for EUVrelated applications is the Si L-shell X-ray photoemission edge at 13.5 nm. So far, the best EUV reflector design known for lithographic purposes at 13.5 nm is based on the stacking multilayer concept. The highest reflectivity rate of almost 70 % has been achieved by using 40 pairs of Si/Mo multilayers (ML) with a period of 6.8 nm that is the half of the EUV wavelength (13.5 nm).(1-5) Schematic representation of the EUV reflector scheme and the TEM image are shown in Figure 1 . Such reflector is used for the reflectors in the exposure tool optics and ML blanks for making EUV reflector. In this paper, the focus is on the investigation of chemical cleaning of ML blanks that is the model system of EUV reflector unless it is stated otherwise. Due to the high oxidation reactivity of the top Si layer, a capping protective layer is required. At the moment, the best capping material for the EUV reflector is a thin 2-3 nm Ru layer covering the top Si layer of the reflective coating. It is chosen because of its optical properties (high transmission coefficient at 13.5 nm) and high chemical resistance for many corrosive environments, including acids and bases (6; 7).
One of the problems is the contamination of the ML blank surface after EUV exposure and during its handling (8) (9) (10) (11) (12) (13) . Because light with wavelength of 13.5 nm is easily absorbed by almost all absorbed gas residues, the built-up carbon based contamination on the reflector surface decreases the reflectivity of the reflectors.
Moreover, the chemical etching of the photoresist in various phases of the process leads to reflector surface contamination by small particles that cannot be removed using conventional cleaning technology. These particles create a serious problem for a desired lithographic fabrication of 22 nm half-pitch node devices.
Taking into account that the lithographic reliability depends both on the quality and the nature of the surface, the cleaning processes that remove contamination and restore the photomask pattern are one of the most important aspects in the semiconductor industry. Due to EUV radiation induced surface contamination and particles falling on the surface during mask handling and usage, the cleaning of the mask surface is one of the most frequent tasks among all processes involved in EUV lithography. Thus, it is necessary to optimize the cleaning procedure to be able to minimize the reflector surface damage while maintaining high cleaning efficiency (14) . A number of cleaning methods including plasma, UV/ozone, cleaning with reducing agent like hydrogen (15) (16) (17) (18) ) have been suggested and tested. Molecular-level understanding of the surface interaction between the Ru capping layer and the cleaning chemical agent is challenging and the aim of our study.
In this work, we report the chemical and morphological change of the Ru surface of the EUV reflector with surface sensitive techniques (19) including XPS, and AFM.
These techniques are applied to understand the nature and efficiency of the EUV reflector cleaning with various cleaning processes including oxygen plasma and UV/ozone, sulfuric and hydrogen peroxide (SPM), ozonated water, and ozonated hydrogen peroxide treatment. This work can help to predict the efficiency and challenges of various cleaning techniques applied to clean the surface of the EUV reflector.
II. Experimental details
A model system of EUV mask is fabricated using magnetron sputter deposition of 40 alternative layers of Si and Mo, with a standard period of 7 nm, followed by the deposition of Ru layer on 4" Si wafers with two Ru thicknesses: 3nm and 6nm. 3nm is the normal thickness for standard ML blanks. The thicker 6nm Ru cap layer is used to allow easy measurements of surface changes in some of the studies in this paper.
Chemical surface composition is studied using both high and low resolution XPS. High resolution XPS analysis is performed using a NOVA XPS (Kratos) with an X-ray monochromator and an Al K α anode (operated at 1486.6 eV). Low resolution XPS is Physical Electronics: PHI 5400 ESCA/XPS system equipped with an Al anode X-ray source (1486.6 eV).
AFM was employed to obtain a topographical image of the surface in air and estimate the surface roughness. Surface morphology analysis is performed using a Molecular Imaging AFM (RHK Technology) operated in the contact mode using a silicon nitride tip. SEM images of AFM tips revealed the tip radius of 30-40 nm. Because the contact AFM experiment was carried out at the low load (< 5 nN), the change of tip radius was ignorable, as confirmed with SEM images taken after the AFM experiment (20) . SEM analysis is performed with a Variable Pressure Field Emission SEM Model S-4300SE/N (Hitachi).
The SPM treatment is performed in the Pyrex container. Ozone is generated using a 253.7 nm low pressure Hg lamp 10 mm above the sample.
Natural oxygen from the atmosphere is used to generate the ozone.
III. Results and discussions

III.A. SPM treatment
XPS chemical analysis of the 6 nm Ru capping layer on the ML blank after 15 
III.B. Ozonated water and ozonated hydrogen peroxide
The ML blank treated with ozonated water and ozonated solution of hydrogen peroxide shows changes in the oxidation states of the Ru 3d photoelectron peak. XPS analysis of the 6 nm Ru layer is performed using the low resolution XPS apparatus at a 45 o photoelectron takeoff angle. XPS spectra comparison of virgin sample and after cleaning with ozonated water and hydrogen peroxide solution in the Ru 3d region are shown in Figure 3 .
Comparison of the normalized spectra of the Ru 3d energy level in Figure 3 reveals that ozonated water and hydrogen peroxide treatments of the Ru capping layer leads to slight broadening of the Ru 3d 5/2 photoelectron peak on the higher binding energy side. The surface oxidation of Ru layer is not significant after cleaning in ozonated water, which is similar to SPM cleaning. It is not reliable to convey a similar type of information from the Ru3d 3/2 peak because of the unknown contribution of the C 1s photoelectron peak. XPS spectra of samples after ozonated water (Fig. 4a) , hydrogen peroxide solution (Fig. 4b ) and untreated sample ( 
III.C. Oxygen plasma and UV/ozone treatment
The chemical effect of two dry cleaning methods, oxygen plasma and UV/ozone oxidation were tested. Oxygen plasma is widely used for resist strip in semiconductor wafer processing. Additionally, among the many cleaning methods used in the semiconductor industry, oxygen plasma is known as an effective method for carbonaceous contamination removal without adding new particles on the surface (9; 11; Therefore the influence of thickness change can be ignored in the reflectivity measurement. Also, the EUV transmission of 1 nm thick RuO 2 film is 96.8 %, slightly lower than that of Ru (the same thickness) that is 98.6% (27) , which shows that the change in reflectivity due to oxidation is not significant. Therefore, we can conclude that surface morphology changes, obtained using AFM, do not affect the reflectivity properties of ML blank (18) .
Chemical analysis of the Ru capping layer after UV/ozone treatment on the EUV reflectors is studied using low and high resolution XPS equipment. Deconvolution analysis of XPS spectra in the Ru 3d region and O 1s, shows that Ru 4+ is the only oxidized state of Ru in the capping layer. Figure 9 shows the plot of the ratio of 
